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Abstract
Objective. The purpose of this study is to investigate the eects of lower extremity joint angular motions on the whole body linear
motions in a sit-to-stand movement using a biomechanical model that describes the whole body linear velocity vector as functions of
lower extremity joint angular velocities.
Design. Two-dimensional video analysis of whole body and joint kinematics.
Background. A biomechanical model that describes the whole body linear motions as functions of lower extremity joint angular
motions is needed to provide clinically relevant information in clinical services and scienti®c research.
Methods. The linear velocity vector of the whole body motion during the sit-to-stand movement was partitioned into horizontal
and vertical components and expressed as functions of lower extremity joint angular velocities for 10 healthy subjects. The coef-
®cient of joint contribution to the whole body linear velocity vector was determined for each joint in each direction.
Results. The ankle and hip angular motions are critical to the development of the forward horizontal velocity of the whole body
during the sit-to-stand movement. The knee and hip angular motions are critical to the development of the upward vertical velocity
of the whole body during the sit-to-stand movement.
Conclusions. The hip, knee, and ankle joint angular motions have various roles in whole body motions in dierent directions of
the sit-to-stand movement.
Relevance
The model and the results of this study can be applied to study the control strategies, falls, and assessments of functional im-
pairments in the sit-to-stand movement. Ó 2000 Elsevier Science Ltd. All rights reserved.
Keywords: Sit-to-stand; Lower extremity; Joint angular motion; Whole body linear motion; Control strategies; Fall; Functional impairment
1. Introduction
Standing up from a seated position is an important
functional task in daily living. It is an essential pre-
requisite to movement in an upright posture. Complet-
ing this seemingly simple task requires a complex coor-
dination of the central nervous system and
neuromuscular system [1]. Quanti®cation of the biome-
chanical factors that underlie the ability to rise from a
chair is important for addressing the control strategies
that may impact the successful completion of the sit-to-
stand (STS) movement.
The control strategies responsible for the direction-
speci®c dierences in the maximum momentum of the
whole body during the STS movement have been as-
sessed using dierent biomechanical models. The out-
comes of these models characterized the eects of
segment angular motions on the linear motions of the
whole body during the STS movement. These eects
were referred to as segmental contributions to the linear
motions of the whole body. Using a four-segment model
based on a mathematical model proposed by Ae et al.
[2], Pai and Rodgers [1] found that the head-arm-trunk
segment was the major contributor to the maximum
horizontal momentum of the whole body during the
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STS movement. They also found that the thigh segment
was the major contributor to the maximum vertical
momentum of the whole body and responsible for the
change in the magnitude of the maximum vertical mo-
mentum of the whole body corresponding to the change
in the speed of the STS movement [3]. After analyzing
the absolute momentum of dierent body segments in
STS movement, Riley et al. [4] found that the upper
body was the major contributor to the maximum mo-
mentum of the whole body in both the horizontal and
vertical direction.
Although the mathematical model proposed by Ae
et al. [2] has been frequently used to describe the eects
of segment angular motions on the linear motions
[1,5,6], it does not provide information about the eects
of joint angular motion on direction-speci®c dierences
in whole body linear motion. A description of segment
movement provides information about the movement of
a segment or number of segments relative to a de®ned
external or laboratory reference frame. A description of
joint angular motion provides information on how two
articulated segments move relative to each other. Joint
angular motion is the basic form of human body mo-
tions from which segment and total body movements
are derived [7]. When assessing impairments that may
lead to movement dysfunction, clinicians routinely focus
on joint angular motion. A model that describes whole
body linear motion in terms of joint angular motions
provides clinically relevant information for analysis of
whole body movement and additional insight into the
development of joint-speci®c treatment strategies.
The purpose of this study is to investigate the eects
of lower extremity joint angular motions on the whole
body linear motions of normal young healthy adults in
an STS movement using a new model that expresses
whole body linear velocity vector as a function of joint
angular velocities. It is hypothesized: (a) that the eects
of dierent lower extremity joint angular motions on the
whole body linear motion in a given direction are dif-
ferent, and (b) that the eects of a given lower extremity
joint angular motion on the whole body linear motions
in dierent directions are dierent.
2. Methods
Ten healthy young adults (®ve males and ®ve females)
without any history of lower extremity disorders were
recruited as the subjects. The mean age, height, and
body mass of these subjects were 31.1 (S.D. 7.4) yr,
1.72 (S.D. 0.11) m, and 73.3 (S.D. 16.3) kg, respectively.
The use of human subjects in this study was approved by
the University of North Carolina at Chapel Hill school
of Medicine Committee on the Protection of the Rights
of Human Subjects. Written consent was obtained from
each subject.
An S-VHS video camcorder was used to record the
right side-view of each subjectÕs movement at a frame
rate of 60 Hz. It was assumed in this study that the STS
movement is primarily two-dimensional and occurs in a
vertical plane perpendicular to the optical axis of the
camcorder and through the midpoint of the line con-
necting subjectÕs toes. Two re¯ective markers were
placed 1.7 m apart along a horizontal line on the ¯oor in
the assumed motion plane to assist in converting the
two-dimensional video coordinates to two-dimensional
real-life coordinates.
Each subject was tested barefoot. Seven re¯ective
markers were placed at the right acromion process, right
olecranon process, right greater trochanter, right lateral
tibial condyle, right lateral malleolus, the posterior
calcaneum, and the dorsum of the right great toe
(Fig. 1). A ¯at wooden bench 458 mm high was used as
the seat, placed on the horizontal reference scale with
one surface parallel to the assumed motion plane. The
height of the ¯oor was adjusted so that the knee was at
90° ¯exion and the shank was perpendicular to the ¯oor
when the subject was seated (Fig. 1). The subject per-
formed the STS movement at a self-selected comfortable
speed with the arms folded in front of the body. Ten
successful trials were recorded for each subject.
The videotape record of the subjectsÕ performances
was digitized at a sampling rate of 60 Hz using a PEAK
Fig. 1. The starting position of the STS movement tested in this study.
Performance video analysis system. The two-dimen-
sional digitized video coordinates of the re¯ective
markers were converted to real-life two-dimensional
coordinates. The real-life coordinates were ®ltered
through a fourth-order Butterworth digital ®lter [8] at a
cuto frequency of 3 Hz [1].
A 14-segment model was used to represent each
subjectÕs body. The 14 body segments included: head,
trunk, left and right upper arms, left and right forearms,
left and right hands, left and right thighs, left and right
shanks, and left and right feet. The position and orien-
tation of the head relative to the trunk was estimated
from the subjectÕs standing height, the vertical coordi-
nate of the re¯ective mark on the acromion process, and
the position and orientation of the trunk. The segmen-
tation method [9] was used to determine the locations of
the center of mass (CoM) of each segment and the whole
body. The forearms and hands were treated as mass
particles at the center of the elbow joint because the
forearms were folded in front of the trunk and ap-
proximately perpendicular to the image plane of the
camcorder. Segment inertia data of Hinrichs [10] were
used to determine the relative mass and location of the
CoM for each segment. The CoM of the head-arm-
trunk (HAT) system was also determined. The HAT was
considered as one segment when determining eects of
joint angular motions on the whole body linear motions
in the STS movement [1].
The linear velocity vectors of the CoM of the whole
body due to the angular motions of the ankle, knee, and
hip joints during the STS movement were determined
using
vB;a  mSxa  rs=a  mTxa  lk=a  rt=k
 mHATxa  lk=a  lh=k  rHAT=h;
vB;k  mTxk  rt=k  mHATxk  lh=k  rHAT=h;
vB;h  mHATxh  rHAT=h;
1
where vB;a, vB;k, and vB;h are instantaneous linear velocity
vectors of the CoM of the whole body due to the an-
gular motions of the ankle, knee, and hip joints, re-
spectively; mS, mT, and mHAT are relative masses of the
shank, thigh, and HAT; xa, xk, and xh are angular
velocity vectors of the ankle, knee, and hip joints, re-
spectively, that were de®ned as the angular velocities of
the shank relative to the foot, of the thigh relative to the
shank, and of the trunk relative to the thigh, respec-
tively; l is the location vector of the proximal joint of a
given segment relative to the distal joint of the same
segment, and r is the location vector of the CoM of a
given segment relative to the distal joint of the same
segment. The assumptions in the above described cal-
culations are: (a) the STS movement occurs in a two-
dimensional plane and is bilaterally symmetric [11],
(b) the ankle, knee, and hip joints are hinge joints, and
(c) the head, arms, and trunk do not move relative to
each other during the STS movement de®ned in this
study.
The velocity vectors of the CoM due to joint angular
motions were decomposed to horizontal and vertical
components. The last frame in which the horizontal
velocity of the CoM was zero before it reached its peak
value was considered as the beginning of the STS
movement. The ®rst frame in which the vertical velocity
of the CoM was zero after it reached its peak value was
considered as the end of the STS movement. A trial was
considered successful if the CoM of the whole body
moved continuously throughout the STS movement
cycle and had a zero velocity vector before the beginning
of the movement and after the end of the movement.
The time period between the beginning and end of the
STS movement is de®ned as a full STS movement cycle.
The STS movement cycle in each trial was divided into
100 intervals that were normalized to the time of the full
STS movement cycle. The ®rst ®ve successful trials were
normalized and averaged for each subject.
The signs of horizontal and vertical velocity compo-
nents indicate the direction of the movements in the
horizontal and vertical directions. In this study, a posi-
tive horizontal velocity indicates a forward movement
while a negative horizontal velocity indicates a back-
ward movement. A positive vertical velocity indicates an
upward movement while a negative vertical velocity in-
dicates a downward movement.
To examine the eects of a given joint angular motion
on the whole body linear motions, linear velocities of the
CoM without the given joint angular motion were de-
termined as
vB=a  vB ÿ vB;a;
vB=k  vB ÿ vB;k;
vB=h  vB ÿ vB;h;
2
where vB is the velocity vector of the whole body CoM
that is estimated from changes in locations of the whole
body CoM and sample rate using central ®nite dierence
method, and vB=a, vB=k, and vB=h are velocity vectors of
the CoM in STS movement without ankle, knee, and hip
joint angular motions, respectively.
A parameter named as the coecient of joint con-
tribution was used as a measure of the eect of a given
joint angular motion on the whole body linear motion in
a given direction during the entire STS movement cycle.
The coecient of joint contribution for a given joint j








B;a;t  v2B;k;t  v2B;h;t
  ; 3
where vB;j;t is the velocity of the CoM in a given direc-
tion due to the angular motion of joint j at time t, and
T is the total number of intervals in a normalized STS
movement cycle, which was 100 in this study.
The coecient of joint contribution is a parameter
that describes the similarity of the velocity±time curve of
the whole body CoM (vB) to the velocity±time curve of
the whole body CoM due to the angular motion of joint
j (vB;j). It represents the percentage of the total variation
of the velocity of the whole body CoM that is due to a
given joint angular motion. The numerator of the ratio
on the right-hand side of Eq. (3) is the variation of the
velocity generated by the angular motion of joint j. The
denominator is the total variation of the velocities gen-
erated by the angular motions of all joints considered in
this study. The greater the magnitude of the coecient
of joint contribution for a given joint, the greater the
eect of the given joint angular motion on the linear
motion of the whole body CoM. The coecient of joint
contribution for the given joint is zero if the velocity of
the CoM in a given direction due to a given joint angular
motion is zero throughout the entire movement cycle.
This means that the given joint angular motion has no
eect on the linear motion of the CoM in the given di-
rection.
A 3 2 two-way ANOVA with repeated measures
was conducted with the coecient of joint contribution
as the dependent variable and joint and direction as
independent variables. In case of signi®cant dierences,
paired t-tests with Bonferroni procedure were con-
ducted to locate the dierences. The 5% level of con-
®dence was chosen to indicate overall statistical
signi®cance. A maximum of three paired t-tests might
need to be conducted for each direction. The adjusted
level of con®dence for paired t-tests using Bonferroni
procedure was 1% for a possible maximum of six
paired t-tests.
3. Results
A signi®cant joint eect (P < 0:001) and a signi®cant
interaction eect of joint and direction of the magnitude
of the coecient of joint contribution (P < 0:001) were
found in the ANOVA. The follow-up paired t-tests re-
vealed that the magnitude of the coecient of joint
contribution of the knee joint to the horizontal velocity
of the CoM was signi®cantly greater than those of the
ankle and hip joints (P < 0:001) (Fig. 2). There was no
signi®cant dierence in the magnitude of the coecient
of joint contribution to the horizontal velocity of the
CoM between the ankle and hip joints. The follow-up
t-tests also revealed that a signi®cant increase in the
coecient of knee joint contribution to the vertical ve-
locity of the CoM in comparison to that of the ankle
joint, and a signi®cant increase in the coecient of hip
joint contribution to the vertical velocity of the CoM in
comparison to the knee joint (P < 0:001) (Fig. 2).
The forward horizontal velocity of the CoM reached
its maximum of 0.61 (S.D. 0.10) m/s at 29% of the STS
movement cycle (Fig. 3). After reaching its maximum,
the horizontal velocity of the CoM decreased continu-
ously until reaching zero at the end of the movement
cycle (Fig. 3).
The forward horizontal velocity of the CoM without
hip joint angular motion reached 0.3 (S.D. 0.14) m/s at
29% of the STS movement cycle when the total forward
horizontal velocity of the CoM reached its maximum
(Fig. 3(a)). This forward horizontal velocity reached its
maximum of 0.56 (S.D. 0.07) m/s at 69% of the move-
ment cycle and then continuously decreased to zero
(Fig. 3(a)). The waveform of the horizontal velocity of
the CoM without knee joint angular motion was similar
to a sine wave (Fig. 3(b)). This horizontal velocity reached
its forward maximum of 0.61 (S.D. 0.11) m/s at 30% of
the STS movement cycle, and its backward maximum of
0.84 (S.D. 0.11) m/s at 78% of the movement cycle
(Fig. 3(b)). The forward horizontal velocity of the CoM
without the ankle joint angular motion had two peaks.
This forward horizontal velocity was 0.35 (S.D. 0.05) m/s
at the 25% of the STS movement cycle (Fig. 3(c)). The
second peak of the forward horizontal velocity of the
CoM without the ankle joint angular motion was
0.39 (S.D. 0.08) m/s and occurred at 80% of the STS
movement cycle while the total forward horizontal
velocity of the CoM was approaching to zero (Fig. 3(c)).
The vertical velocity of the CoM was in a downward
direction after the STS movement was started (Fig. 4).
This vertical velocity reached its downward maximum of
0.05 (S.D. 0.05) m/s at 31% of the STS movement cy-
cle. This vertical velocity then changed rapidly into
upward direction and reached its upward maximum of
Fig. 2. The joint contribution coecients in the STS movement.
0.39 (S.D. 0.04) m/s at 62% of the STS movement cycle
(Fig. 4). After reaching the upward maximum, the ver-
tical velocity of the CoM decreased continuously until
reaching zero at the end of the movement cycle (Fig. 4).
The vertical velocity of the CoM without the hip joint
angular motion was generally in upward direction. This
vertical velocity had two peaks of 0.08 (S.D. 0.04) m/s
and 0.14 (S.D. 0.05) m/s at 29% and 64% of the STS
movement cycle, respectively (Fig. 4(a)). The second
peak value is about 65% lower than the maximum of the
total upward vertical velocity of the CoM. The general
pattern of the vertical velocity of the CoM without knee
joint angular motion was very similar to that of the
actual vertical velocity of the CoM (Fig. 4(b)). However,
the upward maximum of the vertical velocity of the
CoM without the knee joint angular motion was
0.26 (S.D. 0.04) m/s at 62% of the STS movement cycle,
which was 35% lower than that of the total upward
vertical velocity of the CoM. The vertical velocity of the
CoM without the ankle joint angular motion was almost
identical to the total velocity of the CoM (Fig. 4(c)).
4. Discussion
The general patterns of the total velocities of the
CoM during the STS movement obtained in this study
are consistent with those previously reported in the lit-
erature [1,4,12]. The mean forward maximum horizontal
velocity of the CoM in this study is comparable to
0.59 m/s presented by Riley et al. [4]. The mean maxi-
mum upward vertical velocity of the CoM in this study
is comparable to 0.35 m/s obtained by Roebroeck et al.
[12]. The discrepancies among dierent studies are
within the range of inter-subject variations in the STS
Fig. 4. The actual vertical velocity of the CoM and the estimated
vertical velocity of the CoM without: (a) hip joint angular motion, (b)
knee joint angular motion, and (c) ankle joint angular motion in the
STS movement.
Fig. 3. The actual horizontal velocity of the CoM and the estimated
horizontal velocity of the CoM without: (a) hip joint angular motion,
(b) knee joint angular motion, and (c) ankle joint angular motion in
the STS movement.
movement observed in the present study. These inter-
subject variations can be attributed to dierences in:
(a) initial position of the STS movement, (b) speed of the
STS movement, and (c) movement control strategies
used by subjects.
The results of this study support the hypotheses of
this study. The signi®cant joint eect and signi®cant
interaction eect of joint and directions revealed by the
ANOVA suggest that the eects of lower extremity joint
angular motions on whole body linear motions are joint
and direction speci®c. These results indicate that the hip,
knee, and ankle joint angular motions have various roles
in the control of the whole body linear motions in dif-
ferent directions of the STS movement.
The angular motions of all three lower extremity
joints had signi®cant eects on the linear motion of the
whole body in the horizontal direction. However, as
indicated by follow-up t-tests on the coecient of joint
contribution to the horizontal velocity of the CoM, the
eect of knee joint angular motion was signi®cantly
greater than those of the ankle and hip joint angular
motions (Fig. 2). The eect of knee angular motion on
the horizontal velocity of the CoM was mainly in the
later portion of the STS movement. During the early
portion of the STS movement, the maximum horizontal
velocity of the CoM without the knee angular motion
(Fig. 3(c)) was essentially identical to the maximum
actual horizontal velocity of the CoM (Fig. 3(a)). This
indicates that the whole body linear motion would still
be able to obtain enough forward horizontal velocity
during the early part of the STS movement even if the
knee joint angular motion were absent. However, during
the later phase of the STS movement, the horizontal
velocity of the CoM without the knee joint angular
motion was in the backward direction (Fig. 3(c)) while
the corresponding actual horizontal velocity of the CoM
was close to zero and in the forward direction (Fig. 3(a)).
Theoretically, this indicates that the subject could fall
backward if the knee joint angular motion was absent
and no compensation was made at other joints.
The maximum forward horizontal velocity of the
CoM during the STS movement was primarily obtained
through ankle and hip joint angular motions. The peak
forward horizontal velocity of the CoM without ankle
or hip joint angular motion was about 50% lower than
the actual horizontal velocity of the CoM during this
portion of the STS movement (Figs. 3(b) and (d)). These
results indicate that the whole body would not be able to
obtain sucient forward horizontal velocity during the
early portion of the STS movement if either the ankle or
hip joint angular motion were absent or insucient.
Further, during the later portion of the STS movement,
the forward horizontal velocity of the CoM without
ankle or hip joint motion was signi®cantly greater than
the actual total forward horizontal velocity of the CoM.
Theoretically, this indicates that the subject could fall
forward if the ankle or hip joint motion was absent and
no compensation was made at other joints.
All three lower extremity joint angular motions also
have signi®cant eects on the whole body linear motion
in the vertical direction in the STS movement. The eect
of the ankle joint angular motion on the whole body
linear motion in the vertical direction is mainly re¯ected
by the upward vertical velocity it provided during the
early portion of the STS movement. The upward verti-
cal velocity of the CoM without ankle joint angular
motion was lower than the actual upward vertical ve-
locity of the CoM during the early portion of the STS
movement (Fig. 4(a)). This means that the upward
vertical velocity of the CoM would be lower than what
is actually needed if the ankle joint angular motion were
absent or insucient during this portion of the move-
ment. However, the ankle angular motion had little ef-
fect on the maximum and overall upward vertical
velocity of the CoM.
The knee and hip angular motions have major eects
on the vertical velocity of the CoM during the STS
movement. The results show that the maximum upward
vertical velocity of the CoM without the knee angular
motion was about 35% lower than the maximum actual
upward vertical velocity of the CoM during the later
portion of the STS movement. In addition, the maxi-
mum upward vertical velocity of the CoM without the
hip joint angular motion was about 65% lower than the
maximum actual upward vertical velocity of the CoM
during the same time period. These results indicate that
the knee and hip joint angular motions provide about
35% and 65%, respectively, of the maximum total up-
ward vertical velocity of the whole body during the later
portion of the STS movement (Figs. 4(b) and (c)). This
implies that the maximum upward vertical velocity of
the whole body would be signi®cantly lower than what is
needed for a successful STS movement if knee or the hip
joint angular motion were absent. The insucient up-
ward vertical velocity may force the subject to sit back in
the seat and thus results in an unsuccessful STS move-
ment.
The three assumptions in the model do not have
signi®cant eects on the results. The sum of vB;a, vB;k,
and vB;h obtained in this study was essentially equal to vB
with random errors less than 0.05 m/s in both directions
throughout entire movement cycle. This means that the
relative motions between the head, trunk, and the upper
extremities, the asymmetric motions between the right
and left lower extremities, and the translations between
two articulated segments did not have signi®cant eects
on the linear velocities of the CoM in the STS movement
in this study. This result supports the validity of the
three assumptions in this study. In addition, the as-
sumption that the upper extremity motions have no
contribution to the total body motion is speci®c for this
study, not a general assumption of the model. The
eects of upper extremity motions on the total body
motion can be included in the model if it is necessary.
The model developed in this study is dierent from
those used by Pai and Rodgers [1] and Riley et al. [4].
The model used by Riley et al. [4] determines segment
contributions to whole body motions based on segment
absolute linear motions. The model used by Pai and
Rodgers [1] determines segment contributions to whole
body motions based on the segment absolute angular
motions. The model developed in this study determines
joint contributions to whole body motions based on
joint angular motions. Segment absolute linear and an-
gular motions are not basic forms of human body mo-
tion and can be decomposed to joint angular motions
that are the basic forms of human body motion. The
results of this study should not be compared to those by
Pai and Rodgers [1] and Riley et al. [4] because of these
fundamental biomechanical dierences between dierent
models.
The model developed in this study determined only
the kinematic contribution of the angular motion of a
given joint to the whole body linear motions without
considering the eects of the change in the given joint
motion on other joint motions. The change in the an-
gular motion of a given joint may aect the angular
motions of other joints and thus their contribution to
the whole body linear motions. The model developed in
this study alone does not have the ability to determine
this eect. The eect of a joint angular motion on the
whole body linear motions determined using this model
shows only the possible results of the whole body linear
motion when the joint angular motion is absent, which
does not include the compensation made by the other
joints. The kinematic nature of the model should be kept
in mind when interpreting the results based on this
model.
The model developed in this study can be applied to
dierent phases of STS movement in this study. As a
previous study [12] suggested, the entire STS movement
can be divided into three phases. These three phases
include: (a) the acceleration phase, that is from the be-
ginning of the movement to instant when the horizontal
velocity of the CoM reaches its maximum, (b) the
transition phase, that is from the instant when the hor-
izontal velocity of the CoM reaches its maximum to the
instant when the vertical velocity reaches its maximum,
and (c) the deceleration phase, that is from the instant
when the vertical velocity of the CoM reaches its max-
imum to the end of the movement. When the model is
applied to each of these three phases, the coecients of
joint contribution will provide an understanding of the
detailed roles of a given joint angular motion to the
whole body linear motion in dierent phases of the STS
movement.
5. Conclusions
This study developed a biomechanical model for
evaluating kinematic eects of joint angular motions on
the whole body linear motions during the STS move-
ment. The ankle and hip angular motions are critical to
the development of the forward horizontal velocity of
the whole body during the early portion of the STS
movement. The knee and hip angular motions are crit-
ical to the development of the upward vertical velocity
of the whole body during the STS movement. All three
lower extremity joint angular motions have signi®cant
eects on the horizontal motion of the whole body
during the later portion of the STS movement.
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